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ABSTRACT. Purpose: This study aimed to clarify the effects of therapeutic ultrasound on intramuscular
local blood circulation (and oxygen dynamics) using near-infrared spectroscopy (NIRS). Participants:
The participants were 11 healthy males. Methods: All participants performed all three trials; (1) the
ultrasound (US group), (2) without powered ultrasound (placebo group), and (3) rest (control group). Ul-
trasound was applied at 3 MHz, 1.0 W/cm?, and 100% duty cycle for 10 minutes. Evaluation index were
oxygenated, deoxygenated, and total hemoglobin (Hb) concentrations in the intramuscular and skin sur-
face temperature (SST). The experimental protocol was a total of 40 minutes, that is, 10 minutes before
trial (rest), 10 minutes during the trial (ultrasound, placebo, and control), and 20 minutes after trial (rest).
The NIRS and SST data collected before and after the trial were divided into 5 minutes intervals for fur-
ther analysis. Results: Oxygenated and total hemoglobin levels were significantly higher in the US group
than in the placebo and control groups for the 20 minutes after ultrasound (p < 0.01). The SST was sig-
nificantly higher in the US group than in the control for 15 minutes after ultrasound (p < 0.05), while it
was significantly lower in the placebo group than in the US and control groups for 20 minutes after the
trials (p < 0.01). Conclusion: The effects of ultrasound were maintained for 20 minutes after the trial on
intramuscular blood circulation and oxygen dynamics. These effects were caused by a combination of

thermal and mechanical effects of the ultrasound.
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Ultrasound is widely used as a component of physical
therapy in clinical practice. In particular, therapeutic ultra-
sound in physical therapy has a number of uses including
treating musculoskeletal disorders such as pain, muscle
spasm, joint stiffness, and tissue injury (muscle, tendon,
and ligament)!"®. Therefore, it is now recognized as a major
physical therapeutic method!®. Essential treatment param-
eters for therapeutic ultrasound include frequency, inten-
sity, treatment mode (i.e., duty cycle), treatment time, and
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treatment areaV. The frequency of therapeutic ultrasound
ranges from 1 to 3 MHz, with 3 MHz used specifically for
the treatment of superficial tissues, and 1 MHz aimed to
treat deeper tissues?. In addition, the combination of inten-
sity and duty cycle in ultrasound produces thermal and/or
nonthermal (i.e., mechanical) effects”. The physiological
effects of thermal therapeutic ultrasound include increased
tissue temperature, hyperdynamic tissue metabolism, in-
creased local blood flow, increased extensibility of colla-
gen fibers, and reduced viscosity of fluid elements in the
tissue”. However, in terms of local blood flow the current
evidence is conflicting. Some researchers stated that thera-
peutic ultrasound increased the blood flow in the skin, mus-
cle and artery”'), while others reported that there was no
change in the blood flow'>™'¥. This is in agreement with the
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conclusion of a systematic review done by Baker et al.'9,
who summarized previous research regarding the effects of
therapeutic ultrasound, and concluded that it remained un-
clear if ultrasound has such effects on the local blood flow
in practice. Thus, the effects of therapeutic ultrasound on
hemodynamics remain controversial. These previous stud-
ies used plethysmography, laser Doppler, and ultrasonogra-
phy to measure the effects on local blood flow. The plethys-
mography measures vasodilator potency, laser Doppler
measures blood flow at the skin surface, and ultrasonogra-
phy measures blood flow in deep blood vessels and inside
large vessels. However, no studies have reported the effect
on tissue hemoglobin (Hb) concentration levels. Changes
in blood Hb concentration reflect the blood circulation and
oxygen dynamics. From the above, it can be seen that the
effects of therapeutic ultrasound on local blood circula-
tion and oxygen dynamics in intramuscular tissue remain
unclear. Therefore, the scientific basis for this treatment is
insufficient. The current hypothesis is that therapeutic ul-
trasound improves pain, muscle stiffness, muscle fatigue,
tissue injury, and wound healing by promoting blood circu-
lation, which improves nutrition and oxygen supply® '7.

In this study, we used near-infrared spectroscopy (NIRS)
to assess changes in intramuscular hemodynamics and oxy-
gen dynamics to determine the existence of any favorable
changes in blood tissue Hb concentration. In recent years,
NIRS has often been used to evaluate hemodynamics and
oxygen consumption within local muscle tissue'® . NIRS
allows the noninvasive measurement of relative changes
in concentrations of oxygenated Hb (oxy-Hb) and deoxy-
genated Hb (deoxy-Hb) in the tissues®”. Further, total-Hb,
which is the sum of oxy-Hb and deoxy-Hb, reflects the
blood volume in muscle tissue'® '?). The evaluation indexes
in the present study were intramuscular oxy-Hb, deoxy-Hb,
and total Hb concentration. NIRS is based on the relative
transmissivity of tissues and absorption feature of Hb in the
near-infrared region?”. The maximum measurement depth
of NIRS is reported to be roughly half the distance between
the light source and detector (i.e., 20 to 30 mm below the
skin surface)?> .

Our previous studies have revealed that therapeutic
ultrasound on the upper fiber of the trapezius muscle re-
duced the muscle stiffness and increased the range of mo-
tion?* 2%, However, we have not attempted to distinguish
the relationship between the above effects and local blood
circulation, therefore the effects on local blood circulation
remain unclear. This study aimed to clarify whether thera-
peutic ultrasound affects intramuscular (i.e., upper fiber of
the trapezius muscle) local blood circulation and oxygen
dynamics.

Fig. 1. Ultrasound application on the upper fiber of the trapezius
muscle

Methods

Participants

The participants were 11 healthy males with a mean
age of 25 years (range: 20-39 years). Mean body height
was 169.7 + 4.5 cm; body weight, 67.5 = 11.2 kg; and
body mass index, 22.8 = 3.0. All the participants were right
handed. The trials and measurement site was defined as the
upper fiber of the right trapezius muscle, specifically the
midpoint on the C7 spinous process to the acromial end
of the clavicle. All the participants were instructed not to
consume caffeine or alcohol and avoid smoking and per-
forming any intense activities for at least 24 hours before
testing.

This study was approved by the Koriyama Tohto
Academy Educational Foundation Ethical Committee (No.
R-0907). All the participants signed a consent form after
being informed of the study purpose and content, and all
risks involved.

Design

The participants performed 3 trials randomly. We com-
pared the following 3 trials in a randomized trial using the
same participants: (1) ultrasound (US group), (2) without
powered ultrasound (placebo group), (3) and rest (control
group). The experiment order was randomized, and each
condition was tested 24 hours apart.

Instruments and Measurements

We used an ultrasound unit (EU-940, Ito Co., Ltd.
Japan) with an effective radiating area of 6.0 cm?, and a
beam nonuniformity ratio of 3.2: 1 (reported by the manu-
facturer). Ultrasound was applied at 3 MHz, 1.0 W/cm? in-
tensity, and 100% duty cycle (i.e., continuous mode) for 10
minutes. The above output setting followed the setup used
in our previous study?* 2>, To denote the ultrasound treat-
ment site, an area twice the size of the ultrasound trans-
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ducer head was marked on the top of the upper fiber of the
right trapezius muscle (Fig. 1). We moved the transducer in
a stroking method to approximately twice the length of the
ultrasound transducer head (Fig. 1). Ultrasound transmis-
sion gel was used as the conducting medium. The ultra-
sound transmission gel was sufficiently applied to the skin
after it was warmed to mean 33°C for performing placebo.
The placebo treatment was unpowered ultrasound and oth-
erwise performed using the same method and conditions as
those in the US treatment. The control group was instructed
to rest.

The measurements index was oxy-Hb, deoxy-Hb, and
skin surface temperature (SST). The total-Hb was deter-
mined by calculation (i.e., total-Hb = oxy-Hb + deoxy-
Hb). The measurement instruments were a near-infrared
ray scanning spectrophotometer (NIRO-200, Hamamatsu

NIRS light source [—

NIRS detector

Fig. 2. Near-infrared spectroscopy and skin surface temperature
measurements

The NIRS probe was attached to the skin on the upper fiber of

the trapezius muscle (i.e., ultrasound application site), and the

SST was also measured on the upper fiber by using an infrared

thermometer.

Photonics Co., Ltd. Japan) and an infrared thermometer
(THI-700L, Tasco Japan Co., Ltd. Japan), which were used
to measure Hb concentration and SST, respectively. The
NIRS probe was attached to the skin at the upper fiber of
the trapezius muscle by an elastic tape with a distance of 40
mm between the light source and the detector (Fig. 2). The
NIRS measurement was performed using a sampling time
of 1 second.

Procedures

The experimental protocol was executed after a 20
minutes acclimation period and 10 minutes before the trial
(rest); 10 minutes during the trial (for each condition); and
20 minutes after the trial (rest). The data collected before
and after the trials were divided into 5 minutes intervals for
further analysis (Fig. 3). The NIRS data were analyzed by
averaging each 5 minutes interval (Fig. 3). I1 (i.e., interval
of measurement start) was after the offset processing, and
the calculated difference between each section was com-
pared between the groups. SST data were analyzed and
compared between the groups using the absolute values
measured at 5 minutes intervals (Fig. 3).

The participant assumed a sitting position with both
upper limbs on the top of both thighs, with the upper fiber
of the trapezius muscle exposed. The experiment was con-
ducted in a controlled environment with the temperature
maintained between 24°C to 26°C and 40% to 60% humid-
ity. All of the participants were allowed a set acclimation
time of 20 minutes to adapt to the laboratory environment.

Statistical analysis

Statistical analysis was performed using 2-way analy-
sis of variance (ANOVA) with 3 x 6 repeated measurements
on the change in each Hb index for comparisons between
all the groups. The SST was analyzed by 2-way ANOVA
with 3 x 8 repeated measurements. Tukey post hoc multiple
comparison (Tukey-HSD) test was performed to clarify the

0 5 10 20 25 30 35 40 (min)
Acclimation Trials
(20 min)  —
I1 12 13 14 15 16
NIRS
SST T1 T2 T3 T4 TS T6 T7 T8

Fig. 3. Experimental protocol
The NIRS measured changes in Hb during 10 minutes rest (I1 & 12) set before the trial in US,
placebo, and control groups. Then, the trials for US and placebo groups were performed for 10

minutes. After the trials, the NIRS measurement was performed continuously for 20 minutes, and
it was divided into four intervals; from I3 to 16. SST was measured three (T1-T3) and five times

(T4-T8) before and after the trial, respectively.
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Fig. 4. Changes in 4 hemoglobin concentration of ultrasound group
The patterns of chronological changes in oxy-Hb, deoxy-Hb, and total-Hb in the US
group are shown. The US group was increased oxy-Hb and total-Hb in I1 compared to

13-16.

Hb concentration in the 3 groups.
The level of significance was set at o = 0.05. All the
analyses were performed using SPSS for Windows ver. 21.

Results

Difference ( 4) in changes of hemoglobin concentration

The results demonstrate the presence of a significant
interaction in 4 oxy-Hb (F, 1 = 51.96, p < 0.01) and A
total-Hb (F, ,, = 52.91, p < 0.01). 4 Deoxy-Hb did not
differ significantly between the 3 groups. Fig. 4 shows the
changes in the Hb concentration pattern as seen in the US
group. Tukey-HSD test revealed that 4 oxy-Hb and A4
total-Hb were significantly higher in the US group than in
the placebo and control groups from I3 to 16 (p < 0.01;
Table 1).

Changes in skin surface temperature

The results demonstrate the presence of a significant
interaction in SST (F , 1y = 165.39, p <0.01). Tukey-HSD
test revealed that the SST from T4 to T7, and from T4 to
T8 were significantly higher in the US group than in the
control group ( p < 0.05; Table 2) and the placebo group (p
< 0.01; Table 2), respectively. The mean increase in SST
from T1 to T4 was 3.1°C in the US group. Although the
SST increased with ultrasound, it decreased rapidly after-
wards, and the SST tended to return to baseline levels by
T8 (20 minutes after ultrasound exposure). The SST was
significantly lower in the placebo group than the control
group from T4 to T8 (p < 0.01; Table 2).

Discussion

In this study, we investigated the effects of therapeu-
tic ultrasound on intramuscular local blood circulation and

oxygen dynamics using NIRS. Furthermore, we included
SST as an assessment criterion to determine how changes
in local blood circulation are related to tissue temperature
during therapeutic ultrasound. We compared changes in lo-
cal blood circulation and SST in the US, placebo, and con-
trol groups for 20 minutes after the trials.

The present study revealed that the total-Hb was sig-
nificantly higher during the 20 minutes after the trial period
in the US group than in the placebo and control groups.
The NIRS measures of all the Hb components within the
capillaries of local tissues within the penetrable distance
of NIRS'" %2129 Considering that the measurements in
the present study were taken from the upper fiber of the
trapezius muscle, which is a superficial muscle, these mea-
surements are an adequate reflection of intramuscular local
blood circulation and oxygen dynamics, even when factor-
ing in the minimal effect of subcutaneous tissue depth. Our
results indicate that therapeutic ultrasound improves intra-
muscular local blood circulation. The oxy-Hb, which is a
component of total-Hb, increased in the US group, whereas
no change was detected in deoxy-Hb. This suggests that
the changes in total-Hb were due to the increases in oxy-
Hb. This is objective evidence supporting the notion that
therapeutic ultrasound effectively improves intramuscular
oxygen dynamics. These results suggest that therapeutic
ultrasound provided a continuous increase of intramuscular
local blood circulation and oxygen dynamics for at least 20
minutes after the conclusion of the trials in our study.

The observed changes in SST indicate that the effects
of therapeutic ultrasound are due to the thermal effect of
ultrasound. In a previous study done with the same meth-
ods in our study (i.e., same frequency, intensity, duty cycle,
and treatment time), Draper et al.?® reported temperature
increases of 5.8°C in the tissues at 0.8 and 1.6 cm depths
after the application of ultrasound. In our study, SST in-
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Table 1. Deference in changes of hemoglobin concentration in each trial

[N placebo control ANOVA
oxy-Hb 11 0 0 0
2 0.1+0.6 0+0.7 05+0.7
I3 11.9+3.6* 24423 -03+12 F=51.96
14 11.9 + 4.6% 1.8+2.2 -02+ 1.4 p<0.01
I5 11.4 + 4.9% 1.0+2.4 -03+1.3
16 104 +4.8* 03423 -0.6+15
deoxy-Hb 11 0 0 0
2 0.1+£0.5 -03+0.7 -0.3+0.4
13 04+1.3 -0.7+22 -0.1+0.5
14 -0.6+1.6 -1.0+23 -0.1+0.5 e
I5 -0.8+1.9 -0.7+24 -0.2+0.5
16 -05+1.8 -0.5+2.3 0.1£0.5
total-Hb I 0 0 0
2 009 ~03+0.4 0.1+0.8
I3 12.6 +3.5% 2.1+3.1 -02+12 F=5291
4 12.0 + 3.9% 1.2+3.0 -02+1.4 p<0.01
I5 11.3+4.1% 0.5+2.9 -03+13
16 10.3 +4.0* 01425 -02+1.6

Unit: pmol/l (mean + s.d.)

*: p<0.01 US vs. placebo, control

n. s.: no significant

The chronological changes in oxy-Hb, deoxy-Hb, and total-Hb in the US, placebo, and control groups
are shown. From I3 to 16, oxy-Hb and total-Hb were significantly higher in the US group than in the
placebo and control groups (p < 0.01). No significant differences were observed between the placebo
and control groups.

Table 2. Changes of skin surface temperature in each trial

Us placebo control ANOVA
T1 33.2+0.6 33.6+0.5 335405
T2 33.2+0.4 33.5+0.4 33.5+0.5
T3 33205 33.5+0.4 33.6+0.5
T4 36.3 = 0.9* 30.1+0.9% 33.6+0.5 F=165.39
T5 35.4+0.6* 31.4+0.7% 33.6+0.5 p<0.01
T6 34.4+0.5% 32.6+0.5% 33.7+04
T7 342+ 0411 § 32.9+0.5% 33.7+04
T8 33.9+0.4§ 33.1+0.5% 33.8+0.5

Unit: degree. C (°C) (mean + s.d.)

*: p<0.01 US vs. placebo, control

i:p <0.01 placebo vs. control

§: p <0.01 US vs. placebo

F1: p <0.05 US vs. control

The chronological changes in SST in the US, placebo, and control groups are shown. From
T4 to T7, SST was significantly higher in the US group than in the control group. And, the
SST from T4 to T8 was significantly higher in the US than in the placebo group. However,
immediately after the irradiation, SST decreased rapidly towards T8, and it tended to be back to
the levels of temperature observed in T1. The SST in the placebo group was significantly lower
than that in the control group.
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creased by mean 3.1°C in the US group after the trial. Ac-
cording to the previous study observed the relationship of
temperature changes between the skin surface and muscle
(20 and 40 mm depths), there was a consistent pattern of
changes between them since both temperatures in the skin
and muscle were increased with the thermal stimulation®”.
The pattern of temperature changes in the skin surface and
muscle tissue showed in our study and reported by Draper
et al., respectively, were similar, thus it is hypothesized
that the increases in the skin temperature caused by ultra-
sound application in our study indicates increases in the
temperature of the muscle tissue as well. Given these data,
we conclude that ultrasound leads to vasodilation of local
tissue from the skin surface to muscle due to the thermal ef-
fect, affecting blood circulation and oxygen dynamics. The
mechanism of thermal effects leading to vasodilation can
be attributed to the direct reflective activation of vascular
smooth muscles via skin temperature receptors, suppres-
sion of the sympathetic nervous system through indirect
activation of local spinal reflexes, and increases in the local
release of inflammatory chemical mediators, and the com-
pound effect would result in dermovascular dilation?-29.

Although these increases indicate that ultrasound ex-
erts a thermal effect, SST rapidly decreased immediately
after the application of ultrasound. At 20 minutes after ul-
trasound, the SST tended to return to baseline levels, sug-
gesting that even though SST exhibited rapid decreases,
the increases in local blood circulation and oxygen dynam-
ics were maintained. Draper ef al. observed the changes
in temperature of muscle tissue at 12 mm depth after the
application of ultrasound using the setup of 3 MHz and
1.5 W/cm?, and reported that it took 18 minutes to return
the deep tissue temperature to the basal level from the 5°C
increased condition3?. This result was close to the pattern
of surface skin temperature changes in the present study,
therefore, it would indicate that there is a consistent rela-
tionship between the skin surface and deep muscle temper-
atures. In other words, the thermal effects in the skin and
muscle caused by ultrasound tend to be decreased simul-
taneously with time. Given this, while it has been widely
documented that the main cause of increased blood flow is
due to the thermal effect of ultrasound, the data in our study
demonstrates the greater presence of a maintained mechan-
ical effect on the increased blood circulation. However, the
thermal effect cannot be obviously ignored, and its residual
effect combined with the direct mechanical effect on vas-
cular smooth muscle and the muscular autonomic nervous
system was also confirmed by the result of SST.

The mechanical effects of ultrasound lead to increased
cellular permeability, promoting tissue metabolism! 3D, In
addition, decreases in the stiffness of soft tissue?*?> around
blood vessels led to the reduction of intramuscular pres-
sure, thus alleviated direct pressure on blood vessels. These
combined mechanical and thermal effects of ultrasound

suggest a reduction in vasoconstrictor activity and elevated
vasodilator activity, activating intramuscular circulation.
In turn, this dilates intramuscular arterioles and capillaries,
increasing the flow of oxy-Hb-rich arterial blood and accel-
erating intramuscular oxygen distribution and blood circu-
lation. In contrast, the SST in the placebo group decreased
during the 20 minutes after the trial period. This decrease
could be due to the cooling of the ultrasound gel through
vaporization and the affect of ultrasound transducer head
metal. Tissue cooling generally leads to a secondary in-
crease in blood flow?. However, no changes in blood cir-
culation were observed in the placebo group and no cool-
ing effect was observed. Hence, no placebo effect of local
blood circulation was observed, and its clinical significance
is considered low. In contrast, increases in local blood cir-
culation and oxygen dynamics were observed during the 20
minutes period after application in the US group. This is
suggestive of the direct effect of ultrasound on tissues from
the skin surface to muscle. These results indicate the effec-
tiveness and continuous effect of therapeutic ultrasound on
intramuscular blood circulation and oxygen dynamics. This
can be provided as new knowledge which is not observed
in previous studies’ 9.

Clinically, blood circulation insufficiency gives rise to
hypoxic conditions in tissues, the production and release of
algesic substances, and tissue fibrosis, thereby causing pain,
muscle spasms, and joint contracture. Therefore, increas-
ing blood flow to affected sites and promoting tissue oxy-
genation are clinically important for improvements of the
above conditions; moreover, it would also enhance muscle
fatigue recovery, tissue repair, and wound healing'->% 151,
Our results can be used as fundamental data and scientif-
ic evidence of the therapeutic effects of ultrasound on a
variety of patients and conditions with blood circulation
insufficiency. Furthermore, our results endorse the active
execution of pain management and range-of-motion exer-
cises through therapeutic exercise in the 20 minutes win-
dow after ultrasound® 2>, when increases in intramuscu-
lar blood circulation are confirmed to occur. This window
represents a treatment opportunity in which the combined
effect of multiple therapeutic avenues is greatest. Our re-
sults suggest that therapeutic ultrasound is possibly an ef-
fective treatment together with therapeutic exercise, with
high clinical significance. Furthermore, our results suggest
that increases in SST after ultrasound promote intramuscu-
lar blood circulation and may be useful for future clinical
assessments.

Given that we only measured SST in the present study,
we did not directly confirm temperature changes in the
deeper tissues and instead discuss changes based on the
relevant literature®® 39, In the future, we plan to measure
deep tissue temperature and assess its relationship with in-
tramuscular blood circulation.
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